Cold-adapted monomeric isocitrate dehydrogenase of a psychrophilic bacterium, Colwellia maris, (CmIDH) showed a high degree of amino acid sequential identity (69.5%) to a mesophilic nitrogen-fixing bacterium, Azotobacter vinelandii, (AvIDH). In this study, three Ala residues of CmIDH and the corresponding Pro residues of AvIDH were exchanged by site-directed mutagenesis, and several properties of single, double, and triple mutants of the two enzymes were investigated. The mutated CmIDHs, which replaced Ala719 with Pro, showed increased activity and elevation of the optimum temperature and thermostability for activity. In contrast, mutants of AvIDH, in which Pro717 was replaced by Ala, decreased the thermostability for activity. These results indicate that Ala719 of CmIDH and Pro717 of AvIDH are involved in thermostability. On the other hand, mutated CmIDH, in which Ala710 was replaced by Pro, and the corresponding AvIDH mutant, which replaced Pro708 with Ala, showed higher and lower specific activity than the corresponding wild-type enzymes, suggesting that Pro708 of AvIDH is involved in its high catalytic ability. Furthermore, the exchange mutations between Ala740 in CmIDH and the corresponding Pro738 in AvIDH resulted in decreased and increased thermostability for CmIDH and AvIDH activity respectively, suggesting that the native Ala740 and Pro738 residues make the enzymes thermostable and thermolabile.
NADP
þ -dependent isocitrate dehydrogenase (IDH; EC 1.1.1.42) catalyzes the oxidative decarboxylation of isocitrate to 2-oxoglutarate and CO 2 coupled with the reduction of NADP þ in the TCA cycle, and plays an important role in controlling metabolic flux between the TCA cycle and the glyoxylate shunt. Based on subunit structure, bacterial IDHs can be categorized into two types. Many bacteria, including Escherichia coli, possess homodimeric IDH consisting of 40-45 kDa subunits, whereas monomeric IDH, with a molecular mass of 80-100 kDa, is found in several eubacteria. 1) Generally, bacteria possess only one of the types of IDH. On the other hand, in a psychrophilic bacterium, Colwellia maris, 2, 3) both monomeric and dimeric IDHs are present. 4, 5) Dimeric IDH is a mesophilic enzyme, and the optimal temperature for activity is 45 C. In contrast, monomeric IDH (CmIDH) is a typical cold-adapted enzyme that exhibits maximal activity at 20 C. Furthermore, it is markedly thermolabile, and about a half of its activity is lost under incubation for 10 min at 30 C. Gene expression of CmIDH has been reported to be induced by low temperature. 6) The IDH of a nitrogen-fixing bacterium, Azotobacter vinelandii, (AvIDH) is also monomeric, 7) and its amino acid sequence shows a high degree of identity to CmIDH (69.5%), indicating that their three-dimensional structures are similar (Fig. 1) . Nevertheless, the thermal properties of the two enzymes are quite different, and AvIDH is mesophilic. Its optimum temperature for activity is 40-45 C, and activity is retained completely even after incubation for 20 min at 40 C. 8, 9) The crystal structure of AvIDH 10, 11) revealed that it contains domain I, consisting of N-and C-terminal segments (region 1 and region 3 respectively), and domain II, corresponding to the intermediate segment (region 2). In a study on chimeric enzymes that exchanged regions between CmIDH and AvIDH, it was found that C-terminal region 3 of CmIDH contributes to its psychrophilic properties such as thermolability. 12) Many possible structural factors of the enzyme proteins involved in cold adaptation, which bring about increased conformational flexibility and/or decreased structural stability, have been reported. For example, an increased number and increased clustering of Gly residues, a decreased number of Arg residues, a decrease of salt bridges, ion pairs, aromatic interactions or hydrogen bonds, and so on. [13] [14] [15] [16] [17] [18] Furthermore, it has been suggested that a decrease in Pro residues in the loop region in enzyme protein is also important for the cold adaptation of enzymes. This results in enhanced flexibility of the chain between the secondary structures of the enzyme protein. bond with the carboxy group of other amino acids, rotation of the N-C bond in the backbone of the polypeptide chain is severely restricted. Consequently, the flexibility of the enzyme protein is decreased, whereas its structural stability is increased. 19) In fact, the Pro content of a psychrophilic -amylase from an Antarctic psychrophile, Pseudoalteromonas haloplanctis, has been reported to be lower than those of mesophilic and thermophilic counterparts of it, especially in the loop regions. 19) Three Ala residues in the C-terminal portion of CmIDH region 3 (Ala710, Ala719, and Ala740) are replaced by Pro residues in AvIDH (Pro708, Pro717, and Pro738), and the former two residues are present in a loop region (Fig. 1) . Therefore, it was expected that these three Ala residues are involved in the psychrophilic properties of CmIDH. In this study, in order to examine the effect of replacement of these amino acid residues on the catalytic properties of AvIDH and CmIDH, mutated genes were constructed by site-directed mutagenesis, the enzymes, overexpressed in E. coli, were purified, and several properties of the mutated IDHs were investigated.
Materials and Methods
Bacteria, plasmid, and culture conditions. A mutant of E. coli defective in IDH, DEK2004, 20) was used as host for the expression of mutated IDH genes of C. maris and A. vinelandii. Plasmid pTrcHisB (Invitrogen, Carlsbad, CA) was used as vector in conferring N-terminal His-tags on the expressed IDH proteins. Plasmids pHisCmWT and pHisAvWT, 12) carrying the CmIDH and AvIDH genes respectively at the BamHI-SacI site of pTrcHisB, were used as templates for PCR in site-directed mutagenesis. The E. coli transformants were cultured at 37 or 15 C in Luria-Bertani (LB) medium 21) or Super broth medium (12 g of tryptone, 24 g of yeast extract, 5 mL of glycerol, 3.81 g of KH 2 PO 4 , and 12.5 g of K 2 HPO 4 per liter (pH 7.0)).
Site-directed mutagenesis. Mutated IDH genes were constructed by three rounds of PCR, as previously reported. 22) First, a 5 0 -terminal fragment of the IDH gene containing the mutated region was amplified in 50 mL of reaction mixture containing 100 ng of pHisCmWT or pHisAvWT as template, 100 pmol forward primer (Table 1, primers A or E respectively), 100 pmol reverse primer (primers B or F respectively) to introduce each replacement of amino acid residue, and 1 U KOD-plus DNA polymerase (TOYOBO, Osaka, Japan) in the buffer system prepared by the manufacturer. Next, a 3 0 -terminal fragment of the IDH gene containing the mutated region was amplified in the reaction mixture, as in the first PCR, except that 100 pmol forward primer to introduce each replacement (primers C or G, complementary to primers B or F respectively) and 100 pmol reverse primer (primers D or H respectively) were used. Then the full lengths of the mutated IDH genes were amplified in the reaction mixture, as in the first PCR, except that both products of the first and second PCR as templates, and primer A or E and primer D or H as forward and reverse primers respectively, were used. Since the codons for Ala740 of CmIDH and for Pro738 of AvIDH are located at the 3 0 -terminals of the respective IDH genes, an oligonucleotide, pTrcHisB-R, designed based on the nucleotide sequence of the pTrcHisB plasmid located 100-bp downstream of the IDH genes, was used as reverse primer for the second and third rounds of PCR instead of primer D or H respectively, in site-directed mutagenesis in the replacement of these amino acids. Each round of PCR was carried out for 30 cycles, under the cycling conditions shown in Table 2 , in a DNA thermal cycler 2400 (PerkinElmer, Foster City, CA). The final PCR products were digested with BamHI and SacI and ligated into the BamHI-SacI site of pTrcHisB. The introduced mutation was confirmed by DNA sequencing of the relevant regions of the plasmids in both directions using a Big Dye Bold letters indicate amino acid residues conserved between the two enzymes. Letters in gray boxes indicate the replaced residues in this study. Regions 1, 2, and 3 are indicated by black, gray, and white bars respectively. The secondary structures, the -helix and -sheet, in region 3 of AvIDH are represented by arrow and striped bar respectively.
Terminator V1.1 Cycle Sequencing Reaction kit (Applied Biosystems, Foster city, CA) with an ABI PRISM 310 Genetic Analyzer.
Overexpression and purification of His-tagged IDHs. As reported previously, 12) E. coli DEK2004 transformed with pHisCmWT, pHisAvWT, or pTrcHisB carrying the mutated IDH genes was grown at 37 C, and the His-tagged IDH proteins were overexpressed at 15 C and then purified by Ni-NTA agarose column chromatography (Qiagen, Hilden, Germany) with the following modifications in the preparation of cell-free extract: The cell suspension with hen-egg lysozyme at a concentration of 2 mg/mL was shaken gently for 2 h at 4 C. The cells were then disrupted by ten rounds of ultrasonic oscillation with a Branson Sonifier Model 250 (Danbury, CT) for 1 min at intervals of 2 min. After centrifugation of the cell lysate at 39;120 Â g for 30 min at 4 C to remove cell debris, the supernatant was centrifuged at 105;000 Â g for 2 h at 4 C. All His-tagged recombinant IDHs were stored at À35 C until use.
Enzyme assay. IDH activity was assayed as described previously.
4)
For the wild-type and mutated AvIDHs, 0.25 M NaCl was omitted from the reaction mixture. To examine the thermostability of IDH activity, all purified IDHs were dialyzed overnight at 4 C against 20 mM potassium phosphate buffer (pH 8.0), containing 2 mM MgCl 2 , 0.1 M NaCl, 10% (v/v) glycerol, and 1 mM dithiothreitol. After incubation for various durations at 30 C for CmIDHs and at 45 C for AvIDHs, the enzymes were withdrawn and immediately cooled on ice for about 10 min. Residual activities were assayed at 20 C for CmIDHs and at 35 C for AvIDHs.
Western blot analysis. After SDS-PAGE 23) of the purified IDH proteins and the cell-free extract of E. coli, the proteins on the gel were transferred onto a nitrocellulose membrane (Hybond-ECL; Amersham Biosciences, Buckinghamshire, England). Western blot analysis was carried out by the ECL-Western blotting detection system (Amersham Biosciences) and rabbit antibody against purified CmIDH 5) or mouse monoclonal antibody against the Asp-Leu-Tyr-Asp-Asp-Asp-Asp-Lys portion of the N-terminal His-tag of the recombinant proteins (AntiXpres Antibody; Invitrogen).
Results
Construction and purification of mutated IDHs As described in ''Materials and Methods,'' all genes of the CmIDH mutants whose Ala710, Ala719, and Ala740 were replaced by the corresponding Pro residues of AvIDH (mutants designated A710P, A719P, and A740P respectively), their double mutants (A710P/A719P and A719P/A740P), and a triple mutant (A710P/A719P/A740P), and those of the AvIDH mutants whose Pro708, Pro717, and Pro738 were replaced by the corresponding Ala residues of CmIDH (P708A, P717A, and P738A respectively), their double mutants (P708A/P717A, P708A/P738A, and P717A/P738A), and a triple mutant (P708A/ P717A/P738A) were constructed by site-directed mutagenesis. The enzyme proteins overexpressed in the E. coli DEK2004 cells were then purified almost to homogeneity. On the other hand, SDS-PAGE of the purified double mutant of CmIDH, A710P/A740P, revealed that it contained a major protein with a molecular mass of about 25 kDa and a small amount of 80-kDa protein, the molecular mass of which corresponded to those of the monomeric IDH proteins (data not shown). Based on western blot analysis of cell-free extract of E. coli DEK2004 cells overexpressing A710P/A740P and the final elutant of its Ni-NTA column chromatograph, it was found that the 80-kDa protein cross-reacted with the antibody against the purified CmIDH and the Anti-Xpress antibody against several amino acid residues of the His-tag, while no cross-reactivity against the two antibodies was detected in the major 25-kDa protein. Furthermore, the purified A710P/A740P had only very low IDH activity (less than 2% of the specific activity of the purified wildtype CmIDH). Since these results indicated the possibility of partial degradation of the enzyme protein during the purification procedure, a cell-free extract was prepared in the presence of a serine protease inhibitor, phenylmethylsulfonyl fluoride (final concentration, 1 mM) or a mixture (500 mL) of various protease inhibitors (Protease Inhibitor Cocktail Set for His-tag Proteins, Takara, Otsu, Japan). However, the 25-kDa protein was still present in the purified enzyme preparation.
Temperature dependence of the activities of the mutated IDHs
To determine the influence of the replacement of Ala by Pro in CmIDH and of Pro by Ala in AvIDH on their catalytic functions, the IDH activities of wild-type and mutated enzymes of CmIDH and AvIDH were assayed at various temperatures. Wild-type CmIDH and AvIDH with His-tags showed maximum activity at 20 C and 45 C respectively (Figs. 2 and 3 ), almost the same as those of the respective native purified enzymes (20 C and 40-45 C respectively). 4, 8) These results indicate that His-tagging at the N-terminal has no significant effect on the properties of CmIDH and AvIDH. The optimum temperature for the activity of the mutated CmIDHs whose Ala719 was replaced by Pro (A719P, A710P/A719P, A719P/A740P, and A710P/A719P/ A740P) was 30 C, higher by about 10 C than the wild-type enzyme (Fig. 2) . In addition, the specific activities of these mutants at 20 C were 1.5 to 2-fold higher than that of wild-type CmIDH. A similar increase in activity was observed in A710P at temperatures between 10 and 30 C, but the optimum temperature for activity was the same as that for the wild-type enzyme. In contrast, A740P showed activity at all temperatures tested similar to wild-type CmIDH. On the other hand, no AvIDH mutants fundamentally changed the optimal temperature for activity (Fig. 3) , but the specific activities of P708A, P717A, and the triple mutant at all temperatures tested were 0.6 to 0.8-fold lower than that of wild-type AvIDH. Thermostability for the activities of the mutated IDHs After incubation for various durations at 30 C, the residual activities of the wild-type and mutated CmIDH were assayed at 20 C (Fig. 4) . The four CmIDH mutants, in which Ala719 was replaced by Pro, (A719P, A710P/A719P, A719P/A740P, and A710P/ A719P/A740P) exhibited higher thermostability than the wild-type enzyme. In particular, A710P/A719P was the most thermostable of all mutants of CmIDH, and retained more than 40% of activity after incubation for 120 min. On the other hand, the thermostability of A710P was almost the same as that of wild-type CmIDH, while A740P was more thermolabile than the wild type. In the mutants of AvIDH, the thermostability of the P738A, P708A/P738A, and P717A/P738A activities was similar to or higher than that of wildtype AvIDH, indicating that the P738A mutation leads to increased thermostability for activity (Fig. 5 ). In contrast, P717A, P708A/P717A, and P708A/P717A/ P738A showed markedly decreased thermostability as compared to the wild-type enzyme. On the other hand, the thermostability of P708A was slightly lower than that of the wild-type enzyme.
Kinetic parameters of mutated IDHs
The values of K m for isocitrate, k cat and k cat /K m of the wild-type and mutants of CmIDH and AvIDH at 15 C are shown in Table 3 . Based on the values for catalytic efficiency, k cat /K m , the CmIDH mutants were categorized into three groups. First group enzymes, A719P and A740P, showed k cat /K m values similar to wild-type CmIDH. The k cat /K m values for the second group of enzymes (A710P/A719P, A719P/A740P, and the triple mutant) were slightly higher than that of wild-type CmIDH due to their increased k cat values. The third group enzyme, A710P, showed the highest k cat /K m values, and this was found to be attributable both to decreased K m and to increased k cat . In addition, A710P showed higher specific activity than the wild-type enzyme (Fig. 2) . Therefore, the replacement of Ala710 in CmIDH by Pro may be effective in improving its catalytic ability. In contrast, except for P738A, the replacement of Pro residues in AvIDH by Ala resulted in decreasing k cat /K m values. In particular, the affinity of P708A/P738 for isocitrate was much lower than that of wild-type AvIDH. Temperature dependence and thermostability of the activities of A719G and A719V
To investigate further whether the increased optimum temperature and thermostability for A719P activity were caused by replacement by Pro, A719G and A719V, in which Ala719 was replaced by other amino acids with different side chains, Gly and Val respectively, were constructed, and the temperature dependence and thermostability of their activities were examined (Fig. 6 ). A719G and A719V were found to show thermal properties similar to wild-type CmIDH and A719P respectively.
Discussion
It is expected that the replacement of Ala residues in CmIDH by Pro, which is the amino acid residue of the corresponding positions in AvIDH, makes this enzyme thermostable. However, such replacements of the three C-terminal Ala residues in CmIDH region 3 had different effects on enzyme properties. The replacement of Ala710 in CmIDH by Pro resulted in enhancement of specific activity and catalytic efficiency ( Fig. 2 and Table 3 ). In particular, a single mutant, A710P, exhibited the highest catalytic efficiency (k cat /K m ) and the lowest K m value among the single mutants of CmIDH. Hence, this mutation was found to be effective for improving the catalytic ability of CmIDH. On the other hand, all single, double, and triple mutants, except for A710P, showed K m values similar to wild-type CmIDH. These results suggest that the enhanced affinity of A710P for isocitrate is canceled by combined mutations with A719P and/or A740P. Furthermore, when the results for A710P, A710P/A719P, and the CmIDH triple mutant (Fig. 4) were compared with those for the wild-type, A719P, and A719P/A740P respectively, this substitution appeared to have little effect on the thermostability of activity, except for A710P/A719P. The IDH activity of A710P/A719P was more thermostable than that of A719P, suggesting that the replacement of Ala710 by Pro increases the thermostability of CmIDH activity by suitable combination with replacements of other amino acid residues such as the A719P mutation. The replacement of Ala719 in CmIDH led to increased thermostability of activity, a shift of the optimum temperature for activity to a higher temperature, and increased specific activity (Figs. 2, 4) . These results indicate that Ala719 of CmIDH is connected with its psychrophilic properties. The replacement of Ala740 in CmIDH had little effect on the catalytic ability and temperature dependence of IDH activity ( Fig. 2 and Table 3 ). On the other hand, the activity of this single mutated CmIDH was thermolabile as compared to the wild type (Fig. 4) . Furthermore, A719P and A710P/A719P showed higher thermostability of activity than A719P/A740P and the triple mutant respectively. These results indicate that the A740P mutation makes CmIDH thermolabile.
On the other hand, the replacement of Pro708 in AvIDH, which corresponds to Ala710 of CmIDH, by Ala gave rise to a diminution in specific activity, except for double mutants P708A/P717A and P708A/P738A (Fig. 3) . In addition, catalytic efficiency (k cat /K m ) was decreased by this substitution, especially in P708A and P708A/P738A (Table 3 ), but this mutation had little effect on the thermostability of activity, expect for the triple mutant of AvIDH (Fig. 5) . The effect of this mutation contrasts with that of replacement at the corresponding Ala residue in CmIDH by Pro, indicating that the Pro residue of AvIDH is important to its high catalytic abilities. A similar significance of Pro for catalytic ability was found in Pro717 of AvIDH, because of decreased specific activity and catalytic ability in the single mutant, P717A (Fig. 3 and Table 3 ). However, when this mutation was introduced in AvIDH together with other replacements of Pro by Ala, this effect of the P717A mutation was canceled, as observed for P708A/ P717A and P717A/P738A. Furthermore, by comparison of the thermostability of activity as between wild-type AvIDH and P717A, between P708A and P708A/P717A, between P738A and P717A/P738A, and between P708A/P738A and the triple mutant (Fig. 5) , the P717A mutation was confirmed to make AvIDH thermolabile. These results indicate that P717 of AvIDH is also involved in the thermostability of its activity. As well as the replacement of Ala740 in CmIDH by Pro, replacement of the corresponding Pro738 in AvIDH by Ala had little effect on catalytic ability (Fig. 3 and Table 3 ), but the P738A mutation caused increased thermostability of activity (Fig. 5) . In particular, P717A/P738A was much more thermostable than P717A. These results suggest that the native Pro738 of AvIDH makes it thermolabile, but not thermostable. Since the Pro738 residue is not located in the loop region of the enzyme protein (Fig. 1) , it might be responsible for this unexpected effect of this residue. In CmIDH, the effect of the A716V mutation on the optimum temperature and thermostability of activity was similar to those of A719P (Fig. 6) . It has been reported that the Pro residues in mesophilic and thermophilic enzymes are replaced by amino acid residues with small side chains, such as Ala (M r of this residue, 71), in the corresponding cold-adapted enzymes of psychrophilic bacteria. 19) In fact, A719G, in which Ala was replaced by Gly with the smallest side chain (M r of this residue, 57), exhibited thermal properties similar to the wild-type enzyme (Fig. 6) . Hence, thermal properties of A719V may be attributable to replacement by Val (M r of this residue, 99) with a size of side chain similar to Pro (M r of this residue, 97). Small amino acids such as Ala and Gly residues are thought to contribute to the flexibility of a protein structure due to their size. Similar replacements of Pro residues by small amino acid residues in the loop regions have been found in the cold-adapted -amylase from P. haloplanctis and 3-isopropylmalate dehydrogenase from a psychrotrophic bacterium, Vibrio sp. I5. 19, 24) Different effects of the replacements of the three Pro residues in AvIDH and the corresponding Ala residues in CmIDH on their thermal properties for catalytic function may be responsible for the positions of the substituted amino acid residues. On the other hand, the amino acid residues mutated in this study were located on or near the surfaces of the two enzymes, which is far from the catalytic site. [10] [11] [12] It is very interesting and important to clarify how a structural change derived from the replacement of such remote amino acid residue(s) affects the catalytic function. Further studies are needed, including analysis of the three-dimensional structures of the mutated IDHs.
